Source-separated human urine may be used as a source of fertilizers indirectly through processing with clinoptilolite. The suggested form of fertilizer is clinoptilolite loaded with plant nutrients from urine, where nitrogen and phosphorus will be released upon contact with water. Triggered by the need for handling high concentrations remaining in the liquid phase to be disposed of, this paper aims to present the option of improving the residual nutrient quality through stagewise processing with clinoptilolite, while investigating any improvement in nutrient removal. Two sets of experiments, stagewise operation under (i) constant loadings and (ii) variable loadings in each stage, are discussed.
INTRODUCTION
The ecological sanitation approach, claiming that domestic wastewater is not a waste but a source to be benefited from, suggests segregation of domestic wastewater at the point of origin. Yellow water is one of those domestic wastewater streams, which is mainly human urine containing 80% of nitrogen and over 50% of phosphorus and potassium.
Although there is the option of direct application, indirect use of urine after processing may alleviate problems like salinity and aesthetic concerns like odor and visual displeasure. In indirect use, struvite precipitation is a proven method of phosphorus recovery, while ion exchange/ adsorption followed by desorption may be used to recover both ammonium and phosphorus. Indirect use of urine as fertilizer after processing with clinoptilolite as the sorbent has been demonstrated to be effective.
Natural zeolite, clinoptilolite is a cation exchanger which is highly selective for ammonium. It is also a good adsorbent which is commonly used as a soil conditioner. . This approach suggests removal upon loading of ammonium onto clinoptilolite through ion exchange, and removal of phosphorus most probably through adsorption first, followed by the release/recovery of those nutrients from the surface for use by plants. Inspired by the success of the process for domestic wastewater, investigations were extended to urine as the liquid phase, which indicated that removal and recovery of both nitrogen and phosphorus was possible. Up to 97% of ammonium removal from urine as well as 99% of phosphorus removal was reported. Recoveries of 88-96% for ammonium and 88-99% for phosphorus were attained from exhausted clinoptilolite (Beler Baykal et al. , a, b; Kocaturk & Beler Baykal ; Allar & Beler Baykal ) . In this case, the suggested form of fertilizer is clinoptilolite loaded with plant nutrients from urine, where nitrogen and phosphorus will be released from the zeolite upon contact with water during irrigation or precipitation.
In an earlier work, Beler Baykal et al. () investigated the effect of initial ammonium loading on the removal of ammonium from urine and ammonium concentrations remaining in the liquid phase for one selected case. It was demonstrated that the removal efficiency and final liquid phase concentrations were dependent upon initial loadings. The results further showed that although removals could go as high as 97% for initial loadings between 5.2 and 23.3 mg ammonium/g clinoptilolite, ammonium concentrations remaining in the liquid phase would be between 180 and 2,100 mg NH 4 /L, which are still high from a pollution prevention perspective and thus has to be processed further prior to disposal. It was in the interest of this research group to investigate doing this by using adsorption/ion exchange in a stagewise mode, i.e., to test if improvement in residual nutrient concentrations in the liquid phase could be accomplished without shifting to another process. Tracking any additional nutrient removal which could add to the recovery budget was also intended.
Triggered by the need for handling high concentrations remaining in the liquid phase to be disposed of, this paper aims to present the option of improving the residual nutrient quality through stagewise processing with clinoptilolite while investigating any improvement in nutrient removal. Within the scope of this work, two sets of experiments will be discussed: stagewise operation under (i) constant loadings and (ii) variable loadings in each stage. Results regarding removal of both ammonium and phosphorus will be presented.
MATERIAL AND METHODS
Clinoptilolite is a natural zeolite which acts as a cation exchanger. The specific one used in the experiments is from Gordes region of Turkey, which was conditioned with 1 M NaCl to attain sodium form for increasing ammonium exchange capacity.
Human urine was collected from toilets and stored for at least 2 months for completion of urea hydrolysis. Characteristics of the sample used in this group of experiments are given in Table 1 . As ammoniacal nitrogen turns to the form of ammonia after pH 8.5, which will not permit ion exchange, pH was adjusted to 7.0 at the beginning of the loading experiments to prevent ammonia losses.
Plexiglas columns of 1 m height and 3.6 cm diameter were used in batch mode with 100% recycle. Two different modes of loading were applied in an effort to improve residual quality and to reach lowest possible residual concentrations in the liquid phase to be disposed of. Four stages were used for both sets. The same initial loading in the four stages were used for the first set at 20 mg ammonium/g clinoptilolite, while variable initial loadings were applied for the second set at 20, 10, 5 and 5 mg ammonium/g clinoptilolite.
Ammonium and orthophosphate were monitored over time. As over 80% of phosphorus was in the form of orthophosphate, orthophosphate was used as the parameter for monitoring. Ammonium was measured with an Orion ion meter/ammonia probe and orthophosphate with the stannous chloride method (APHA et al. ).
RESULTS AND DISCUSSION
In an attempt to minimize ammonium concentrations remaining in the liquid phase, two sets of experiments were conducted each with four stages, where the effect of stagewise operation was examined in terms of final residual concentrations and removal efficiencies. The results are shown in Figures 1 and 2 and Tables 2 and 3. For the first set, constant loadings were employed in all four stages at 20 mg ammonium/g clinoptilolite. Ammonium concentrations decreased from an initial concentration of 8,000 mg NH 4 /L in urine to 1,330 mg NH 4 /L at the end of the first stage, which then decreased to 543 mg NH 4 /L in the second, 334 mg NH 4 /L in the third and 229 mg NH 4 /L in the fourth stages. Ninety-seven percent of ammonium was removed throughout those four stages and a total of 510 g clinoptilolite/L urine was used. It may be observed from Table 3 that efficiencies of removal decreased down each stage although the overall efficiency had shown a slight increase. The majority of the removal occurred in the first stage with 83% but it went down to 31% by the end of the fourth stage.
Incremental removal was more pronounced in the second stage as compared to the third and fourth stages. A review of Figure 1 conversely shows appreciable improvement in remaining liquid phase concentrations, as the concentration of 1,330 mg NH 4 /L at the first stage is reduced to 229 mg NH 4 /L at the end of the fourth stage. As opposed to a possible actual surface concentration of 20 mg ammonium/g clinoptilolite in all stages, actual solid phase concentrations on the clinoptilolite were 16.64, 11.84, 7.68 and 6.27 mg ammonium/g clinoptilolite in stage 1, 2, 3 and 4, respectively. These values together with previous results from Beler Baykal et al. () have triggered an investigation to test for any possible improvement through the use of variable loadings, i.e., reducing loads in subsequent stages.
Variable initial ammonium loadings were then applied for the second set. Initial loadings were chosen as 20, 10, 5 and 5 mg ammonium/g clinoptilolite based on the final surface concentrations attained in the first set. Initial liquid phase ammonium concentration was 7,250 mg NH 4 /L in this set. As shown in Figure 2 , 1,730 mg NH 4 /L at the end of the first stage, 320 mg NH 4 /L in the second stage, 96 mg NH 4 /L in the third stage and finally 24 mg NH 4 /L in the fourth stage were achieved with the loadings applied. The overall removal of ammonium was 99.7% and a total of 619 g clinoptilolite/L urine was used. As can be seen from Table 3 , removal efficiencies in stages were not as diversified as in the first set, and remained between 70 and 82%. Actual solid phase ammonium concentrations were 15.22, 8.11, 3.50 and 3.73 mg ammonium/g clinoptilolite, which are closer to the initial ammonium loadings. Surface concentrations for the second set seem somewhat lower than the first; however, this may be attributed to the lower influent ammonium concentration in the second set.
Initial and actual solid phase concentrations at the end of the runs are shown in Figure 3 . It may be observed that 60% of the ammonium initially contacted with clinoptilolite was actually removed and loaded onto the zeolite at the second stage of constant loadings, with decreasing percentage of removals in later stages. This is to be compared to at least 70% of removal in all stages with variable loading.
In summary, the remaining ammonium concentration in the first stage of variable loadings, which was 1,730 mg NH 4 /L, has decreased to 24 mg NH 4 /L by the end of the fourth stage in this set. Comparing this to the results of the first set with constant loadings, the final concentration is 10 times lower with variable loadings, and is comparable to conventional domestic wastewater. It has to be kept in mind further that this liquid phase with 24 mg NH 4 /L occurs in a volume of only 1% of domestic wastewater and the remaining streams do not carry appreciable amounts of ammonium. To accomplish this, an extra 109 g clinoptilolite/L will have to be used with variable loadings, which corresponds to a 21% increase in zeolite use. With these results, it may be concluded that stagewise operation using properly chosen variable loadings will lead to a much better residual liquid phase quality to be disposed of.
Orthophosphate was removed almost totally in the first stage for both sets and removals in the following stages were minor. Removal efficiencies were 97% and 95% for constant and variable loadings, respectively. Orthophosphate concentrations decreased from an initial concentration of 260 to 8 mg PO 4 -P/L for constant loadings and from 250 to 12 mg PO 4 -P/L for variable loadings. Effluent orthophosphate concentrations thus were also comparable to conventional domestic wastewater for both sets.
Considering all results obtained, it can be observed that stagewise operation was more critical for nitrogen than phosphorus when residual liquid phase concentration is considered.
CONCLUSION
Stagewise operation with variable loadings in each stage has been observed to be successful for attaining reduced residual liquid phase concentrations as well as improvements in nitrogen recovery as compared to a single stage, which constituted the subject of earlier research. Although four stages are beneficial for dealing with residual concentration, stages beyond the second one did not contribute appreciably to nutrient recovery.
In conclusion, stagewise operation was beneficial especially from the standpoint of residuals control, with minor benefits of additional nutrient recovery. It is worth emphasizing, however, that stagewise operation had pronounced effects on residual liquid phase quality while providing limited improvement for nutrient recovery. Through a wise choice of operating conditions, especially initial loadings, concentration of nutrients in the high nutrient content residual liquid phase of source-separated urine could be made compatible with that of conventional domestic wastewater.
